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Regulatory functions of Fos and Jun family transcription factors
Members of the Fos and Jun protein families (Curran and Teich, 1982; Maki et al., 1987) participate in the regulation of a variety of cellular processes including cell proliferation, dierentiation, apoptosis and oncogenesis. Members of this family (Fos, Fra-1, Fra-2, FosB, Jun, JunB and JunD) are widely expressed in diverse cell types and tissues. The results of gene knockout experiments indicate that Fos and Jun family proteins have both overlapping functions as well as unique roles that cannot be compensated for by other family members (Grigoriadis et al., 1994; Hilberg et al., 1993; Johnson et al., 1992 Johnson et al., , 1993 Schorpp-Kistner et al., 1999; Schreiber et al., 2000; Thepot et al., 2000; Wang et al., 1992) . However, only a few of the genes that mediate the essential functions of speci®c Fos and Jun family members have been identi®ed (Bakin and Curran, 1999; Fu et al., 2000) Fos and Jun family proteins function as dimeric transcription factors that bind to AP-1 regulatory elements in the promoter and enhancer regions of numerous mammalian genes . Jun proteins form both homodimers and heterodimers with Fos proteins, whereas Fos proteins do not form homodimers and require heterodimerization to bind DNA. The DNA-binding and dimerization domains among dierent family members are highly conserved and dierent members of the Fos and Jun families have similar DNA-binding and dimerization speci®cities.
In vitro, dimers formed by Fos and Jun bind with the highest anity to an asymmetric heptanucleotide recognition sequence TGA(C/G)TCA (AP-1) and with slightly lower anity, to a symmetric octanucleotide TGACGTCA (CRE) (Nakabeppu et al., 1988; Rauscher et al., 1988) . The AP-1 site is a ubiquitous regulatory element that is found in a wide range of promoter and enhancer regions. Since the AP-1 site and variants thereof occur with a high frequency in the genome, it is unlikely that Fos-Jun family proteins regulate all genes that contain AP-1 recognition sequences. Conversely, many genes that are bona ®de regulatory targets of Fos-Jun family proteins do not contain consensus AP-1 recognition sequences within their control regions. In natural promoter and enhancer regions, the sequences of AP-1 regulatory elements often deviate from the optimal recognition sequence. This variation in recognition sequences may contribute to the dierential functions of dierent FosJun family dimers at various regulatory elements (McBride and Nemer, 1998) The weaker binding anities of Fos-Jun family members at these nonconsensus recognition sites may also impose a requirement for interactions with other transcription factors.
The functions of Fos-Jun family proteins depend on the speci®c cell type in which they are expressed. Only a small subset of all potential regulatory targets is controlled by Fos-Jun family proteins in any particular cell type. The activities and regulatory targets of FosJun family proteins are also aected by the speci®c signals that elicit their expression. Thus, the functions of Fos-Jun family proteins must be mediated by mechanisms that depend on the cellular context in which they are expressed. Several mechanisms that may contribute to the cell type speci®city of Fos-Jun family proteins can be envisioned. These include dierential post-translational modi®cations, selective dimerization between dierent family members and interactions with other regulatory protein. The ®rst two mechanisms modulate the activities of Fos-Jun proteins, but they have mostly indirect eects on selection of the genes that are regulated by Fos-Jun family proteins in a particular cell type. Interactions with other transcription factors can modify the regulatory speci®cities of Fos-Jun family proteins in a cell or tissue speci®c manner. Thus, Fos-Jun proteins have to be considered in the broad context of dynamically changing proteinprotein interactions on and o DNA.
Interactions between various Fos-Jun family members and more than 50 dierent proteins have been reported (Table 1) . Fos-Jun interacting proteins can be subdivided into four groups: (1) structurally related basic region ± leucine zipper proteins; (2) unrelated DNA binding proteins; (3) transcriptional coactivators that do not bind DNA directly; and (4) structural components of the nucleus. In many cases, either the functional signi®cance or the structural basis of the interaction remains under investigation. Nevertheless, it is clear that interactions among many structurally divergent protein families can contribute to the functional speci®city of Fos-Jun family proteins. In this review, we focus on interactions between Fos-Jun family members and other DNA binding proteins that can in¯uence the regulatory speci®cities of Fos-Jun family proteins.
Interactions among Fos and Jun family members
The repertoire of Fos-Jun proteins in a given cell is subject to changes in response to various extracellular stimuli. Through dimerization mediated by the leucine zipper, the seven Fos-Jun family members can form 18 dierent homo and heterodimers. The number of detectable Fos-Jun dimers varies among dierent cell types (Kovary and Bravo, 1991; Lallemand et al., 1997; McCabe et al., 1995; Sonnenberg et al., 1989) . Quiescent ®broblasts contain mainly homodimers formed by Jun and JunD, but following serum stimulation, heterodimers formed ®rst by Fos and FosB and later by Fra-1 with Jun and JunB become the predominant AP-1 binding proteins (Kovary and Bravo, 1992; Lallemand et al., 1997) . In exponentially growing ®broblasts, heterodimers formed by Fra-2 with Jun and JunD are the predominant AP-1 binding complexes (Lallemand et al., 1997) . In the mouse brain, metrazole-induced seizures cause a similar progression of dierent heterodimers formed ®rst by Fos (Sonnenberg et al., 1989) . In undierentiated osteoblasts all seven members of Fos-Jun family are detectable but during dierentiation JunD, Fra-1 and Fra-2 become the predominant AP-1 binding proteins (McCabe et al., 1996) . Similarly, during keratinocyte dierentiation the repertoire of Fos-Jun family member undergoes several temporally regulated shifts (Eckert et al., 1997) . This progression of dierent homo-and heterodimeric Fos and Jun family protein complexes is thought to contribute to the time-dependent induction of dierent early and late genes in dierent cell types activated by dierent stimuli.
Interaction between Fos-Jun proteins and other bZIP family proteins Fos-Jun family proteins are members of a large group of transcription factors (the bZIP family) containing a highly conserved basic region involved in DNA binding and a heptad repeat of leucine residues, the leucine zipper, required for dimerization (Landschulz et al., 1988) . All bZIP proteins form dimeric complexes through the leucine zipper that juxtapose the two basic regions to form a contiguous DNA-contact interface in which each monomer interacts with the major groove of one half-site (Ellenberger et al., 1992; Fujii et al., 2000; Glover and Harrison, 1995; Schumacher et al., 2000) . Since members of dierent bZIP protein subfamilies exhibit distinct DNA binding speci®cities, dimerization between Fos-Jun and other bZIP proteins expands the repertoire of binding sites for Fos-Jun family proteins to include sequences composed of dierent half-sites. Diversi®cation of binding speci®-cities through the formation of cross-family dimers is a common characteristic of bZIP proteins. Cross-family dimerization between Fos-Jun proteins and various members of the ATF, C/EBP, Maf and NF-E2 (CNC) proteins (Table 1 ) has been observed.
ATF proteins
Several members of the ATF group of bZIP proteins form heterodimers with Fos and Jun family proteins. The ATF2 and ATF3 proteins preferentially interact with CRE (TGACGTCA) rather than AP-1 sites. Heterodimerization between Fos-Jun and these proteins can target Fos-Jun proteins to CRE-like sites (Hai and Curran, 1991) . Many of the promoters that are controlled by heterodimers formed by ATF2 with FosJun family proteins contain asymmetric binding sites (TTACCTCA in the Jun promoter, TGACATAG in the b-interferon promoter and CTCAGTCA in the adenovirus E2A promoter). Neither Fos-Jun nor JunJun bind eciently to these sites (Du et al., 1993; van Dam et al., 1993) . Since Jun and ATF proteins can be activated by dierent families of protein-kinases (Jnk and p38 SAPK respectively) dimerization between these two protein families may mediate the integration of signals from dierent signal transduction pathways (van Dam et al., 1998) .
MAF and NF-E2 (CNC) family proteins
Dimerization of Fos-Jun proteins with members of the Maf and NF-E2 (CNC) families further expands the range of Fos-Jun protein target sites. Maf and NF-E2 (CNC) proteins form homo and heterodimers with slightly dierent binding speci®cities. Maf homodimers recognize palindromic binding sites consisting of TGCtgaC half-sites (capital letters indicate the most conserved base pairs) (Kataoka et al., 1994b; Kerppola and Curran, 1994b) . Recognition of the exceptionally long (13 ± 14 base pair) binding sites by Maf family members requires an atypical non-a-helical basic region and an ancillary DNA binding region that mediates major groove contacts with the extended recognition elements (Dlakic et al., 2001) . Fos-Jun proteins can interact with at least six members of the Maf family (cMaf, MafB, NRL, MafG, MafF and MafK) two proteins from the NF ± E2 (CNC) family (Nrf1 and Nrf2) (Kataoka et al., 1994a,b; Kerppola and Curran, 1994a; Venugopal and Jaiswal, 1998) . Fos-Maf and Jun-NRL dimers preferentially interact with recognition sites composed of AP-1 (TGAC) and Maf (TGCtgaC) half-sites (Kerppola and Curran, 1994b) . Heterodimers formed between small Maf proteins (MafF, MafG and MafK) and the p45 NF-E2 preferentially bind recognition sequences composed of TGCtgaC and (a/g)TGAC half-sites (Kataoka et al., 1994a,b) . JunB and Maf synergistically activate the IL4 promoter during T-helper cell dierentiation . However, since the IL4 promoter contains both a weak AP1 site and a Maf binding site, the synergistic activation may re¯ect cooperation between two homodimers bound to separate sites. Heterodimers formed by Jun and Nrf proteins participate in the regulation of class II detoxi®cation enzymes in response to xenobiotics and phenolic antioxidants through interactions with antioxidant response elements (ARE) found in the promoter regions of the NAD(P)H:quinone oxidoreductase, heme oxygenase-1, g-glutamylcysteine synthetase and glutathione S-transferase A2 genes (Alam et al., 2000; Jaiswal, 2000; Moinova and Mulcahy, 1999; Nguyen et al., 2000; Rushmore and Pickett, 1990) . The ARE sequence (a/gTGACnnnGC) is similar to that recognized by p45 NF ± E2 ± Maf heterodimers. In nuclear extracts, Jun, Nrf1, Nrf2 and small Maf proteins can all bind to the ARE site. Since neither Nrf1 nor Nrf2 form homodimers and Jun generally does not interact with ARE alone, they have been proposed to form heterodimers at this site (Moinova and Mulcahy, 1999; Venugopal and Jaiswal, 1998) .
Fos-Jun interactions with structurally unrelated DNA-binding proteins
Synergistic interactions with non-bZIP DNA-binding proteins can further increase the combinatorial potential of Fos-Jun dependent transcription regulation. Several transcription factor families including NFAT, Ets, Smad and bHLH can activate or repress transcription in conjunction with Fos-Jun family proteins by binding to regulatory elements adjacent to AP-1 sites. One of the mechanisms underlying this synergy involves protein-protein interactions between Fos-Jun family members and other transcription factors at composite regulatory elements. Composite regulatory elements function as a single unit and possess activities over and above those of their constituent binding sites. Multiprotein complexes formed at composite regulatory elements are more stable than the complexes formed by individual transcription factors at their respective recognition sites. The cooperative interaction can also extend the recognition speci®city of the complex to regulatory elements that are not bound by the individual proteins. The multiple transcription factors that bind to composite regulatory elements often mediate responses to dierent signal transduction pathways. Their concerted action at composite regulatory elements can therefore integrate multiple extracellular signals at a speci®c promoter.
The three-dimensional structures of two multiprotein transcription factor complexes at composite regulatory elements have been solved including the Fos-Jun-NFAT-ARRE2 and MATa-MCM-STE6 complexes Tan and Richmond, 1998) . Several features common to these complexes may also apply to other higher-order complexes and can explain cooperative DNA binding by transcription factors at composite regulatory elements. The interactions between cooperating DNA binding proteins frequently involve regions in a close proximity to DNA. Thus, the DNA binding domains alone can be sucient for cooperative complex formation at composite regulatory elements. Transcription factor binding to adjacent sites can create an uninterrupted protein-DNA interface extending across both recognition elements, thereby increasing the speci®city and anity of DNA binding. The DNA and protein conformations are often altered to form the protein-protein and protein-DNA interaction interfaces. These conformational rearrangements may contribute to the selectivity of multiprotein complex formation.
Cooperative DNA binding frequently requires a precise spacing and orientation of the individual binding sites that comprise a composite regulatory element. Since AP-1 binding sites contain symmetrical half-sites, Fos-Jun heterodimers can potentially bind to regulatory elements in two opposite orientations (Figure 1 ). Both orientations are observed in the FosJun-AP-1 crystal (Glover and Harrison, 1995) . In solution, sequences¯anking the core AP-1 recognition element determine the preferred orientation of Fos-Jun binding (Leonard et al., 1997; Rajaram and Kerppola, 1997; Leonard and Kerppola, 1998; Ramirez-Carrozzi and Kerppola, 2001b) . Fos-Jun heterodimers that bind in opposite orientations present dierent surfaces for interactions with proteins that bind to adjacent regulatory elements. The preferred orientation of FosJun binding can therefore in¯uence interactions with proteins bound to adjacent recognition sites and thereby control the eciency of transcription activation (Chytil et al., 1998; Kerppola, 1998; Ramirez-Carrozzi and Kerppola, 2001a) .
Fos-Jun-NFAT complexes
The DNA binding domain of NFAT family proteins is distantly related to that of Rel family proteins and adopts a structure similar to the s-type immunoglobulin fold . Unlike Rel proteins, NFAT typically binds DNA as a monomer. NFAT family proteins recognize a GGAAaa sequence elements (Jain et al., 1993a; McCarey et al., 1993; Rao et al., 1997) . NFAT proteins are involved in the regulation of a variety of genes that are induced during T-cell activation (Shaw et al., 1988; reviewed in Rao et al., 1997) . The promoters of many of these genes contain Oncogene Protein-protein interactions of Fos-Jun family members Y Chinenov and TK Kerppola adjacent NFAT and AP-1 binding sites (Rao et al., 1997, Table 2 ). The cooperative binding of Fos-Jun and NFAT proteins to these sites greatly enhances the DNA binding anity and the transcriptional activity of the ternary complex compared to either NFAT or Fos-Jun alone (Jain et al., 1993a; McCarey et al., 1993; Peterson et al., 1996) . NFAT and Fos-Jun family proteins do not appear to interact with each other in the absence of DNA. The Fos-Jun-NFAT1 ternary complex bound to the ARRE2 site in the IL-2 promoter (Table 2 ) spans a 15 bp composite site in which all base pairs including the intervening TT linker are contacted by either Fos-Jun or NFAT1 . The cooperative interaction between Fos-Jun Figure 1 Fos-Jun heterodimer bind to an asymmetric AP1 site (TGAGTCA) in two orientations (Glover and Harrison, 1995) . The bZIP domain of Jun is colored blue and the bZIP domain of Fos is colored red. The DNA sugar-phosphate backbone is colored yellow. The sequence of the AP-1 recognition element is shown below the structures. The two structures represent opposite orientations of Fos-Jun binding to the same DNA sequence, and re¯ect rotation of the heterodimer by approximately 1808 about the dimer axis The sequences of NFAT and CRE sites were aligned and introduced gaps are indicated by dashes. The sequences of AP1/CRE sites are shown in boldface, the sequence of NFAT binding site is underlined. r indicated that sequence is shown for non-coding strand Diebold et al., 1998) (Figure 2a ). This DNA bend is required to bring NFAT1 and Fos-Jun together as they would not contact each other on straight DNA. Both Fos-Jun and NFAT undergo conformational changes (Figure 2b ). The conformation of NFAT in the ternary complex may also change relative to the binary complex (Figure 2c ). NFAT1 forms an extensive interaction interface with the Fos-Jun heterodimer involving one face of the leucine zipper. The interaction between NFAT1 and Fos-Jun is asymmetric and requires a speci®c orientation of Fos-Jun binding (Chen et al., 1995 Kerppola, 1998) . Three amino acid residues at the amino-terminal ends of the leucine zippers of Fos and Jun are the principal determinants of the asymmetric interactions with NFAT1 (Diebold et al., 1998) . The other amino acid residues in the leucine zippers and the hinge regions that contact NFAT1 in the crystal structure can be exchanged between Fos and Jun with no eect on the asymmetric interaction with NFAT1 (Diebold et al., 1998) . Since these amino acid residues are not conserved between Fos and Jun, the amino acid residues at the amino-terminal ends of the leucine zippers must constitute the primary interaction interface with NFAT1.
The Fos-Jun-NFAT complex is a convenient model for analysis of the dynamics of nucleoprotein complex assembly and reorganization. Multicomponent nucleoprotein complexes may form either through random collisions or through an ordered pathway. Cooperative DNA binding by Fos-Jun and NFAT requires a speci®c orientation of heterodimer binding. Since Fos-Jun heterodimers can bind to many composite regulatory elements in both orientations, heterodimers bound in the reverse orientation must be reoriented subsequent to NFAT binding. Fos-Jun heterodimers could be reoriented either through stochastic dissociation and re-binding; or through a de®ned reorientation pathway. Studies of the dynamics of Fos-Jun heterodimer reorientation by NFAT1 in solution suggest the existence of a pathway for Fos-Jun reorientation in association with the composite regulatory element (Ramirez-Carrozzi and Kerppola, 2001a) .
Fos-Jun interactions with Ets family proteins
Following the discovery of synergistic activation of the polyoma virus enhancer through a composite AP-1/ ETS site (Martin et al., 1988) both regulatory interactions between ETS and AP-1 binding sites in various promoters as well as physical contacts between Fos-Jun and Ets family proteins have been observed (Bassuk and Leiden, 1995; Graves and Petersen, 1998) . The Ets proteins comprise a large protein family characterized by a conserved 80 ± 90 amino acid DNA binding domain termed the Ets domain. The Ets domain recognizes a short sequence element containing a GGAA/T tetranucleotide core (Graves and Petersen, 1998) . This domain folds into a compact helix ± turn ± helix like structure with a single helix that forms base speci®c contacts in the major groove of DNA (Kodandapani et al., 1996) (Figure 3) . In contast to the Fos-Jun-NFAT complex, interactions between Ets and Fos-Jun proteins do not appear to require prior DNA binding. DNA-independent interactions between Elf-1, Pu.1, Ets-1, Ets-2, Erg, Fli-1 and Jun proteins (cJun, JunD and JunB) have been detected in vitro by co-immunoprecipitation and GST pull down assays. In stimulated human T cells antibodies against all seven members of Fos-Jun protein family coprecipitated endogenous Elf-1 (Bassuk and Leiden, 1995) . Whereas Jun family proteins can also interact with Elf-1 in vitro, no direct interaction between Elf-1 and Fos proteins (cFos, Fra-1 and Fra-2) has been observed, suggesting that this interaction is mediated by Jun. The interaction between Jun and Elf-1 requires the basic region of Jun and the Ets domain of Elf-1 (Bassuk and Leiden, 1995; Basuyaux et al., 1997) . Replacement of the basic region of Jun by that of Fos abolishes its interaction with Elf-1 and reduces transcription activation of a reporter construct containing multiple composite AP-1/ETS elements (Bassuk and Leiden, 1995) . Interactions with Ets family proteins are not unique to Fos-Jun family members, but have been observed also for Maf family proteins in the absence of DNA (Sieweke et al., 1996) . Despite the functional synergy and physical contacts between FosJun and Ets family proteins, no cooperative complex between these proteins has been observed at any of the composite elements examined.
Composite AP-1/ETS regulatory elements from various promoters display some similarity in sequence organization (Table 3) . Simultaneous binding of FosJun and Ets proteins could create a continuous binding interface in the major grove spanning the 13 ± 14 nucleotide composite site. The interactions between Fos-Jun and Ets proteins in such a complex could involve the basic region of Jun and the C-terminal portion of the DNA-binding helix of the Ets domain (Figure 3 ). This region is well conserved in most Ets proteins, which might account for the apparent promiscuity of Fos-Jun interactions with Ets proteins. Since the ETS binding site is asymmetric, the interactions with Ets proteins might also be aected by the orientation of Fos-Jun binding. Nonetheless, simultaneous binding by Fos-Jun and Ets family proteins has not been detected to date.
Fos-Jun interactions with Smad family proteins
In contrast to NFAT and Ets family proteins, which can bind DNA and activate transcription at independent regulatory elements, Smad proteins bind DNA with low anity and speci®city in the absence of cooperating binding partners. Therefore Smad proteins rely on interactions with other DNA binding proteins to target them to speci®c regulatory elements Derynck et al., 1998; Shi et al., 1998) . Smad proteins play a central role in TGFb induced signal transduction. Binding of TGFb to a membrane surface receptor activates its intracellular Ser/Thr kinase activity, resulting in phosphorylation of associated Smad2 and Smad3. The phosphorylated Smad proteins dissociate from the receptor and interact with cytoplasmic Smad4. Upon co-translocation to the nucleus, these complexes interact with composite regulatory elements in association with various DNA binding partners, including FAST-1, TEF3 and Jun Hua et al., 1998; Zhang et al., 1998) . Smad proteins contain two highly conserved domains; an amino-terminal MH1 domain that is responsible for DNA-binding and a carboxyl-terminal MH2 domain involved in transcription activation and oligomerization. The DNA-binding MH1 domain recognizes a tetranucleotide GTCT recognition element employing a unique b-hairpin DNA-binding motif (Shi et al., 1998) . The sequences of Ets and CRE sites were aligned and introduced gaps are indicated by dashes. The sequences of AP1/CRE sites are shown in boldface, the sequences of Ets binding sites are underlined. r indicated that sequence is shown for non-coding strand Smad proteins participate in the regulation of many genes including junB, c-jun, Smad7 and collagenase-1 in response to TGFb family signaling molecules (Brodin et al., 2000; Jonk et al., 1998; Wong et al., 1999; Zhang et al., 1998) . In some of these promoters, the SMAD binding sites are adjacent to AP-1 or CRE sites (Table  4) . Fos-Jun family members and Smad3/Smad4 display strong transcriptional synergy at these sites in response to TGFb. This synergy may be mediated by physical interactions between Smad3 and c-Jun . As in the case of NFAT and Ets family proteins, Smad-Jun interactions involve the DNA-binding domains of both proteins. Site-directed mutagenesis of the MH1 domain as well as analysis of naturally occurring mutants suggest that residues involved in DNA-binding by Smad proteins as well as basic residues adjacent to the DNA contact interface are important for the interaction with Jun (Figure 4) (Qing et al., 2000) . However, since most of the amino acid substitutions in Smad3 that in¯uence the interaction with Jun (L43A, L43S, K46A in Smad4) also aect DNA binding or nuclear localization (L43S), a more general eect of these substitutions on protein conformation cannot be excluded (Jones and Kern, 2000) . A similar interaction between ATF2 and Smad4 involves the bZIP domain of ATF2 (Sano et al., 1999) . Replacement of a single leucine in the leucine zipper of ATF2 by a valine interferes with ATF2 homodimerization and abolishes Smad 4-ATF2 interactions in vitro, suggesting that the Smad binding determinant in ATF2 is aected by the dimerization state (Sano et al., 1999) . Superposition of Smad3 and Fos-Jun on a composite binding site from the collagenase promoter shows that the two proteins bound to adjacent sites would clash in the major groove. This suggests that major conformational changes would be necessary to accommodate simultaneous binding by both proteins. Nonetheless, as in the case of Fos-Jun interactions with Ets proteins, The sequences of SMADEts and CRE sites were aligned and introduced gaps are indicated by dashes. The sequences of AP1/CRE sites are shown in boldface, the sequences of SMAD binding sites are underlined. r indicated that sequence is shown for the non-coding strand no ternary complex between Fos-Jun and Smad family proteins has been observed. Transcription factors from the STAT, bHLH and steroid hormone receptor families also display functional interactions with members of the Fos-Jun family (Diamond et al., 1990; Li et al., 1992; Pognonec et al., 1997; Zhang et al., 1999) (Table 1 ). The molecular mechanisms that mediate these interactions remain under investigation, and in several cases direct physical interactions have been identi®ed although no cooperative complex has been observed at the composite regulatory elements examined. Other potential mechanisms of cooperativity between Fos-Jun family proteins and other transcription factors include assisted folding of DNA-binding domain of Fos-Jun, which is disordered in solution in the absence of DNA. Alternatively the formation of speci®c heterodimers could be stabilized, providing a mechanism for the selective dimerization between speci®c Fos-Jun family members in the cell. These proteins may also bind DNA independently, but cooperate in recruitment or activation of additional components of the transcription complex.
Interactions between transcription factors can also mediate negative interference between dierent signaling pathways. The inhibitory interactions between FosJun family and steroid hormone receptor superfamily members have been investigated in greatest detail (Diamond et al., 1990; Konig et al., 1992; Schule et al., 1990) . There are likely to be many mechanisms involved in the complex regulatory relationships between these transcription factor families (Caelles et al., 1997; Lee et al., 2000b) . Such negative interactions may be required to coordinate the eects of dierent signal transduction pathways and to balance responses to competing environmental signals. Thus, there are numerous mechanisms whereby transcription factors can in¯uence the functions of each other, and further studies of the interactions involving Fos-Jun family proteins are required to identify the mechanisms that mediate their functional interrelationships.
Multiprotein transcription regulatory complexes at promoter and enhacer regions
Multiprotein transcription regulatory complexes formed at promoters and enhancers can involve transcription factors bound to both simple and composite regulatory elements, coactivators and chromatin remodeling factors. Assembly of such higherorder complexes often requires a precise spatial arrangement of transcription regulatory elements and is accompanied by changes in DNA structure and chromatin organization (Agalioti et al., 2000; Giese et al., 1995; Hernandez-Munain et al., 1998) . Mutation of even a single regulatory element can disrupt assembly of the multiprotein complex and alter transcription regulation. Consequently, the functions of individual transcription regulatory proteins in such complexes are interdependent and require the concerted function of all of the proteins in the complex (Robertson et al., 1995) . The multiprotein regulatory complexes can coordinate several steps in transcription activation, including covalent histone modi®cation, nucleosome remodeling and pre-initiation complex assembly (Agalioti et al., 2000; Spicuglia et al., 2000) .
The assembly of transcription regulatory complexes can be facilitated both by cooperative binding of multiple proteins to the regulatory region as well as by changes in DNA and chromatin structure. DNA bending can contribute to the assembly of regulatory complexes by facilitating interactions between proteins that bind to separate recognition elements or by altering the conformations of protein-nucleic acid complexes. Fos and Jun family proteins induce opposite directions of DNA bending (Kerppola and Curran, 1991, 1993; Rajaram and Kerppola, 1997) . The opposite DNA bending properties control the orientation of Fos-Jun heterodimer binding, and can in¯uence the transcriptional activities of Fos-Jun heterodimers at composite regulatory elements (Leonard and Kerppola, 1998; Ramirez-Carrozzi and Kerppola, 2001a,b) . They can also contribute to the eects of the sequence of the DNA binding site on the transcriptional activities of Fos-Jun family proteins (Lefstin and Yamamoto, 1998; Ramirez-Carrozzi and Kerppola, 2001a,b) .
The TCRa enhancer
Several well-studied transcription regulatory complexes assembled over promoter and enhancer regions illustrate these principles. Assembly of such a complex at the TCRa enhancer involves at least four dierent transcription factors including PEB2a, Ets-1, LEF-1 and ATF2 or CREB (Giese et al., 1995; Mayall et al., 1997) . LEF-1 induces a large DNA bend at the center of the 70 base pair enhancer region which facilitates long-range interactions between ATF2 or CREB and Ets-1 proteins. Binding of CREB to the CRE site disrupts the nucleosomal organization around the TCRa enhancer based on micrococal nuclease digestion and DNAase I hyper-sensitivity (Mayall et al., 1997) .
The IFN-b promoter
Activation of IFN-b transcription in response to viral infection is mediated by a multiprotein regulatory complex at a 55-bp enhancer region. Viral infection results in cooperative assembly of a multiprotein enhanceosome complex containing ATF2-Jun, IRF proteins, NF-kB p50 ± p65, HMGI(Y) and p300/CBP (Du et al., 1993; Merika et al., 1998; Thanos and Maniatis, 1995) . Binding of HMGI(Y) to several sites within the enhancer modi®es DNA structure and facilitates interactions among the proteins bound to separate recognition sites (Yie et al., 1999) . Recruitment of CBP/p300 is thought to be mediated by multidentate interactions with several of the transcription factors in the complex. Assembly of the IFN-b enhanceosome requires a ®xed spatial arrangement of the binding sites within the enhancer region. This likely re¯ects the requirement for a precise alignment of the interaction surfaces between the individual proteins in the complex. Transcription activation by the IFN-b enhancer also requires a speci®c orientation of ATF2-Jun heterodimer binding (Falvo et al., 2000b) . Cooperative activation of IFN-b transcription requires interactions between the bZIP domain of ATF-2 and the DNA-binding domain of IRF3. When ATF2-Jun heterodimers bind in the opposite orientation, they fail to recruit IRF3, and do not facilitate the assembly of a functional enhancesome (Falvo et al., 2000b) . Substitution of the ATF2-Jun binding site in the IFN-b enhancer by similar regulatory elements from the c-jun promoter or the urokinase plasminogen activator enhancer resulted in orientation-dependent function. Therefore, regulation of these genes may also require a speci®c orientation of ATF2-Jun binding.
The TNFa promoter
The TNFa promoter is be regulated by multiprotein complexes similar to that described at the IFN-b promoter (Falvo et al., 2000a; Tsai et al., 1996b; 2000) . The region involved in the regulation of TNFa transcription contains a CRE binding site, which binds ATF2/Jun heterodimer and forms a composite element with the k3-NFAT site (Table 2 and Figure 5 ). There are two ETS binding sites upstream (7117 NFAT/ ETS) and downstream (784 ETS/Elk) from the CRE, a downstream NFAT/ETS binding site (776 NFAT/ ETS) and a downstream SP1 binding site ( Figure 5 ) (Tsai et al., 1996a (Tsai et al., ,b, 2000 Falvo et al., 2000a, c) . In dierent cell types activated by dierent extracellular stimuli such as viral infection, LPS or T cell activation, distinct multiprotein transcription regulatory complexes assemble at this promoter. The CRE, the 7117 NFAT/ETS, k3-NFAT, 776 NFAT/ETS and the downstream SP1 element are required for inducerspeci®c transcription of TNFa in macrophages, monocytes, T and B cells ( Table 2 ). Mutation of any of these binding sites either abolishes or signi®cantly reduces LPS inducibility. In LPS-stimulated monocytes, ATF2-Jun, Ets-1, Elk-1, SP1 can all bind to the TNFa promoter based on chromatin immunoprecipitation assays (Tsai et al., 2000) . Thus, activation of the TNFa promoter likely requires simultaneous occupancy of the promoter by multiple transcription factors from the Fos-Jun, Ets and SP1 families.
In T cells activated by ionophore treatment, a dierent set of transcription factors is involved in the activation of the TNFa enhancer. ATF2-Jun is constitutively bound to the enhancer and NFAT binds to multiple sites in the promoter in response to Figure 5 Promoter and enhancer regions regulated by multiprotein transcription regulatory complexes. The nucleotide sequences and transcription factor binding sites in the TCR-a enhancer (Giese et al., 1995) the INF-b promoter (Du et al., 1993; Merika et al., 1998; Thanos and Maniatis, 1995) , the TNF-a enhancer (Falvo et al., 2000c; Tsai et al., 2000) , and the uPA enhancer (Nerlov et al., 1992) are shown. Stimulus-speci®c transcription factor interacting with TNF-a enhancer are indicated with red arrows for LPS stimulation and with blue arrows for calcium signaling ionophore stimulation (Tsai et al., 1996b) . The downstream 776 NFAT/ETS site as well as the 7117 NFAT/ETS site interact with NFAT rather than Ets proteins. In the case of virus stimulation of T cells, SP1 is inducibly recruited. Thus, dierent extracellular signals can stimulate the assembly of dierent regulatory protein complexes with dierent transcriptional activities at the same regulatory region in dierent cell types (Falvo et al., 2000c; Tsai et al., 2000) .
The uPA enhancer
Regulation of urokinase plasminogen activator (uPA) transcription depends of an enhancer region located approximately 2000 bp upstream of the start site (Nerlov et al., 1992) . The uPA enhancer contains a composite CRE/ETS site and an AP1 site separated by a 74 base pair sequence that is essential for synergy between the CRE/ETS and AP-1 sites. This sequence contains binding sites that can interact with the homeodomain protein PREP and the POU protein Oct1 (De Cesare et al., 1997; Palazzolo et al., 2000) . Although the sequence separating the CRE/ETS and AP-1 sites does not activate transcription alone, mutations in the binding sites in this region reduce the activity of the uPA enhancer. The Ets, Fos-Jun and Oct-1 proteins also synergistically activate the human pro®llagrin promoter, suggesting that regulatory interactions among these proteins may represent a common mechanism for the integration of regulatory signals (Jang et al., 2000) . The mechanisms of cooperation among Oct-1, Fos-Jun and Ets proteins remain to be elucidated. No direct interactions between Fos-Jun proteins and Oct-1 or between Ets proteins and Oct-1 have been reported. Thus, additional studies of this and other promoter regions are required to elucidate how Fos and Jun family proteins elicit transcriptional responses in concert with many other transcription regulatory proteins.
Perspectives
The selective regulation of each of more than 30 000 genes in the human genome is a demanding task for the regulatory machinery of the cell. Even more daunting is the requirement that each gene must respond in a purposeful manner to the virtually in®nite variety of environmental signals that contribute to long-term changes in cellular phenotype. This challenge is particularly evident for transcription factors such as those in the Fos-Jun family that are expressed in a variety of dierent cell types and that respond to diverse extracellular signals. These proteins therefore provide useful model systems for investigation of mechanisms of speci®city in transcription regulation.
The studies to date have demonstrated the critical role that interactions between dierent transcription factor families play in control of the regulatory speci®cities of Fos-Jun family proteins. There are likely to be numerous mechanisms whereby interactions between dierent transcription factors families in¯u-ence regulatory speci®city. Future studies of the various transcription factor interactions are required to identify the full range of strategies used by the cell to control regulatory speci®city. Most studies of transcription factor interactions thus far have been limited to analysis of complex formation in vitro and studies of regulatory interactions in transfected cells. These studies must be extended to de®ne the mechanisms that are responsible for synergistic interactions between dierent combinations of transcription factors at multiple promoter and enhancer regions. Future studies should also address the selectivity and dynamics of transcription factor interactions in living cells and extend the functional analysis to investigation of the roles of endogenous proteins under physiologically relevant conditions. The progress over the past few years in this ®eld justi®es the optimistic view that we will attain an understanding of the principal mechanisms that mediate the regulatory speci®city of Fos-Jun family proteins under physiological conditions in the near future.
